Abstract: On August 23, 2017 a Category 3 Typhoon Hato struck Southern China. Among the hardest hit cities, 17
depth as well as the extent, and more than half of the Macau Peninsula was inundated. Typhoon Hato"s strong wind 36 and the associated flooding resulted in 22 fatalities and caused 3.5 billion USD direct economic losses (Benfield, 37 2018) . 38
Macau (and Hong Kong) commonly experience about 5-6 typhoons per year (Lee et al., 2012) It is well-known that the tide during a typhoon"s landfall plays a significant role in the severity of the storm surge 67 induced inundation. In the case of Typhoon Hato, the coincidence of astronomical high tide and the landfall time is 68 thought to be the major factor causing the wide-spread flooding in Macau. However, using the OSU TPXO-atlas8 69 tide model (Egbert and Erofeeva, 2002) The paper is presented in the following order. We first report a high-resolution inundation map of Macau based on 87 our field measurements and observations. Then we describe each component of the numerical simulation package 88 followed by the simulation results of Typhoon Hato. Finally, we discuss the effect of tidal level and SLR through the 89 results of numerical experiments. 90 2 Post-typhoon field survey 91
On August 26, 2017, three days after Typhoon Hato made landfall, our survey team arrived at Macau, where they 92 surveyed ~ 300 sites in Macau Peninsula, measuring flow depths (water depth above the street level), maximum 93 runup, and inundation distances (Table S1 ). The team also recorded building damage. The team was able to conduct 94 interviews with many shopkeepers, homeowners and security officers, who witnessed this flood event. The 95 maximum inundation depths were mainly determined by using watermarks as indicators and where possible 96 confirmed by eyewitnesses. Watermarks identified on glass panels, iron gates and light colored walls were 97 photographed ( Figure 2 ) and located using GPS. Inundation extent was determined by tracing watermarks from the 98 coastline to the inundation limit along streets perpendicular to the coastline. Distances between two surveyed sites 99 were about 20 -25 m apart to ensure the high resolution of this survey map. In total, 278 inundation depths were 100 recorded and eyewitnesses confirmed 96 (35%) of them (Table S1 ). 101 Figure 3a shows the surveyed inundation depths on the Macau Peninsula. Names of the locations are marked on a 102 high-resolution bare ground elevation map in Figure 3b . The Inner Harbor area, which starts from the A-Ma Temple 103 in the southwest and ends at Qingzhou in the northwest of Macau Peninsula, was completely flooded to a depth of 104 3.1 m at Ponte Pou Heng (the purple dot in Fig 3a) . Along the coastal roads of the Inner Harbor, inundation depth 105 reached 2.0 -2.5m in many low-lying places. When tracing the watermarks along the two major streets: Avenida de 106
Almeida Ribeiro and Ruo Do Gamboa, we observe that, as the seawater penetrated inland, the inundation depth 107 gradually decreased from > 2 m to ~1 m (Fig 3c-d The survey data presented in this study is complementary to the data provided by an earlier study (Takagi et To capture the effects of wind waves in the storm surge simulation, the spectral Wind Wave Model (WWMIII) is 161 employed. WWMIII solves the wave action equations in the frequency domain on the same unstructured grid as 162 SCHISM. Physical processes including wave growth and energy dissipation due to whitecapping, nonlinear 163 interaction in deep and shallow waters, and wave breaking are all considered in the simulations. The WWMIII is 164 dynamically coupled with SCHISM every 600 seconds. The radiation stress is estimated according to (Roland, 165 2008) based on the directional spectra itself. The radiation stresses computed in WWMIII are transferred to 166 SCHISM at each step to update water level and velocity, which are sent as feedback reversely. 167 168 For Typhoon Hato, the simulation domain covers the northern part of the South China Sea (Figure 4a) . We create an 169 unstructured grid with horizontal resolution varying from 50 km in the deep sea, ~ 1 km over the shelf to ~ 20 m in 170 the vicinity of Macau (Figure 4b-c) . Figure S1 ). 180
Results 181

Simulation results of Typhoon Hato 182
We first compare the wind speeds generated by WRF with the measured data at 9 selected wind gauge stations in the 183 PRE (Figure 5c-k) , including 4 local wind gauges in Macau (see the gauge locations in Figure 5a-b) . The model/data 184 comparison shows that the WRF model captures Typhoon Hato"s wind fields well in terms of both the peak wind 185 speed and the phase (Figure 5c-k) . 186
The simulated maximum surge heights in the PRE (Figure 6a The numerical model package can also be used to gain better understanding of the relative importance of different 275 causes for coastal flooding. To demonstrate this capability, we have focused on studying the effects of tidal level 276
and SLR on coastal inundation in Macau, using Typhoon Hato"s atmospheric condition as a benchmark scenario.. 277
One of the important observations is that regardless the tidal level during Typhoon Hato"s landfall, the Inner Harbor 278 area will always be inundated with the maximum inundation depth up to 0.5 -1.0 m. On the other hand, although 279
Typhoon Hato broke all the historical records in terms of storm surge heights and flooded area, much worse scenario 280 could be expected if Typhoon Hato had occurred at a higher tidal level, and thus, caution is required if Typhoon 281
Hato is to be used as the worst-case scenario for designing future coastal defense measures. This is especially true 282 when taking the rising sea level into consideration as 0.5-m and 1-m SLR could significantly increase the severity of 283 the resulting inundation for most of the territory in Macau, including both the high tide and low tide conditions. The 284 inundation maps presented in this study provide the lower and upper bound of potential impacts of Hato-like events 285 at different tidal levels and sea level conditions. Such maps could aid the local government to make more 286 informative decisions. 287
Besides the tidal level, other factors including the landing location, track azimuth, forward speed, the sudden 288 intensification and urban development (e.g. land reclamation) may play more important role in contributing to this 289 record-breaking flood in Macau. The effects of such factors are being analyzed in more detail in a future paper. 290
Hato-like typhoon events pose a clear and significant threat to the emerging mega-cities area of the PRD and the 291 drive to expand towards the sea with extensive land reclamation and infrastructure development needed to meet the 292 demands of the growing population and the booming economy. Although most major cities in the region are 293 protected by seawalls, the protection standards vary considerably and whether such standards are sufficient to 294 combat increasingly frequent flooding in future needs careful investigation. Adaptive strategies and sustainable 295 management are almost certainly required in order to keep up with the pace of rising sea level. We believe that the 296 data and findings provided in this paper and the numerical model package will not only be of great interest to coastal 297 hazard researchers, but also to a range of stakeholders such as policy makers, town planners, emergency services 298 and insurance companies who are working to create or insure safer coastlines. 299
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